Epidermal homeostasis depends on a balance between stem cell renewal and terminal 19 differentiation 1,2 . While progress has been made in characterising the stem and 20 differentiated cell compartments 3 , the transition between the two cell states, termed 21 commitment 4 , is poorly understood. Here we characterise commitment by integrating 22 transcriptomic and proteomic data from disaggregated primary human keratinocytes 23 held in suspension for up to 12h. We have previously shown that commitment begins at 24 approximately 4h and differentiation is initiated by 8h 5 . We find that cell detachment 25 induces a network of protein phosphatases. The pro-commitment phosphatases -26 including DUSP6, PPTC7, PTPN1, PTPN13 and PPP3CA -promote terminal 27 differentiation by negatively regulating ERK MAPK and positively regulating key AP1 28 transcription factors. Their activity is antagonised by concomitant upregulation of the 29 anti-commitment phosphatase DUSP10. The phosphatases form a dynamic network of 30 transient positive and negative interactions, with DUSP6 predominating at commitment. 31 Boolean network modelling identifies a mandatory switch between two stable states 32 (stem cell and differentiated cell) via an unstable (committed) state. In addition 33 2 phosphatase expression is spatially regulated relative to the location of stem cells, both 34 in vivo and in response to topographical cues in vitro. We conclude that an auto-35 regulatory phosphatase network maintains epidermal homeostasis by controlling the 36 onset and duration of commitment. 37 38
Introduction 39
Commitment is a transient state during which a cell becomes restricted to a particular 40 differentiated fate. Under physiological conditions commitment is typically irreversible and 41 involves selecting one differentiation pathway at the expense of others 6 . While commitment is 42 a well-defined concept in developmental biology, it is still poorly understood in the context of 43 adult tissues 4,6 . This is because end-point analysis fails to capture dynamic changes in cell 44 state, and rapid cell state transitions can depend on post-translational events, such as protein 45 phosphorylation and dephosphorylation 7 . For these reasons a systems approach to analyse 46 commitment is required. 47 48 We set out to examine commitment in human interfollicular epidermis, which is a multi-49 layered epithelium formed by keratinocytes and comprises the outer covering of the skin 2 . 50 The stem cell compartment lies in the basal layer, attached to an underlying basement 51 membrane, and cells that leave the basal layer undergo a process of terminal differentiation as 52 they move through the suprabasal layers. In the final stage of terminal differentiation the cell 53 nucleus and cytoplasmic organelles are lost and cells assemble an insoluble barrier, called the 54 cornified envelope, which is formed of transglutaminase cross-linked proteins and lipids 2 . 55 Cells can become committed to differentiate at any phase of the cell cycle, and upon 56 commitment they are refractory to ECM-mediated inhibition of differentiation 5 . 57 58
Results

59
Although there are currently no markers of commitment, we have previously used 60 suspension-induced differentiation of disaggregated human keratinocytes in methylcellulose-61 containing medium 5 to define its timing (Fig. 1a ). Since keratinocytes increase in size as they 62 differentiate 5 , we enriched for undifferentiated cells in the starting population by a filtration 63 step. By determining when cells recovered from suspension could no longer resume clonal 64 growth on replating ( Fig. 1b; Extended Data Fig. 1a ), we confirmed that there is a marked 65 drop in colony forming ability between 4 and 8 hours. This correlates with an increase in the 66 3 proportion of cells expressing the terminal differentiation markers involucrin (IVL) and 67 transglutaminase 1 (TGM1) ( Fig. 1c, d ; Extended Data Fig. 1b ) and downregulation of genes 68 that are expressed in the basal layer of the epidermis, including α6 integrin (ITGα6) and TP63 69 ( Fig. 1d ). When we compared the significantly differentially expressed proteins (p-value <0.05) that 85 changed ≥2 fold at one or more time points with their corresponding transcripts 86 , there was a moderately positive correlation at 8h and 12 h (Pearson correlations of 87 0.51 and 0.68, respectively), consistent with the correlation between bulk mRNA and protein 88 levels seen in previous studies of mammalian cells 10, 11 . However, at 4h transcripts and 89 proteins were only weakly correlated (Pearson correlation 0.19, Fig. 1g ).
91
The poor correlation between protein and transcript levels at 4h suggested a potential role for 92 post-transcriptional mechanisms in regulating commitment. To investigate this we performed 93 unbiased SILAC-MS based phospho-proteomic analysis. SILAC-labelled peptides isolated 94 from cells at 0, 4 and 8h time points were enriched for phosphopeptides using HILIC pre-95 fractionation and titanium dioxide affinity chromatography (Extended Data Fig. 1d approximately two thirds of the changes involved dephosphorylation (Fig. 1j ). These 99 dephosphorylation events could not be attributed to decreases in protein abundance, as shown 100 by the discordance between total protein abundance and changes in protein phosphorylation 101 ( Fig. 1k ).
103
Analysis of the integrated proteomic and genomic datasets revealed 45 phosphatases that were 104 differentially expressed between 0 and 4h, 20 of which were upregulated ( Fig. 2a, b ). 105 Interrogation of published datasets revealed that these phosphatases were also dynamically 106 expressed during Calcium-induced stratification of human keratinocytes 12 and differentiation 107 of reconstituted human epidermis 13 (Extended Data Fig. 2a, b ). Fig. 3d ). Consistent with these findings, phosphatase knockdown delayed the decline in 120 TP63 and increase in TGM1 levels during suspension induced differentiation (Fig. 2f, g; 121 Extended Data Table 5 ). Cumulatively, their effects on keratinocyte self-renewal and 122 differentiation suggest that these are pro-commitment protein phosphatases. To examine the effects of knocking down the pro-commitment phosphatases on the ability of 133 keratinocytes to reconstitute a multi-layered epithelium, we seeded cells on de-epidermised 134 human dermis and cultured them at the air-medium interface for three weeks (Fig. 2h; 135 Extended Data Fig. 3f ). Knockdown of DUSP6, PTPN1, PPP3CA and PTPN13 did not To identify the signalling networks affected by upregulation of phosphatases during 149 commitment we performed GO analysis of ranked peptides that were dephosphorylated at 4h. 150 The top enriched pathways were ErbB1 signalling, adherens junctions, insulin signalling and 151 MAPK signalling ( Fig. 3a) . Several of the proteins we identified are components of more than 152 one pathway ( Fig. 3b ) and all have been reported previously to regulate epidermal 153 differentiation [14] [15] [16] [17] [18] . Furthermore, constitutive activation of ERK delays suspension-induced 154 differentiation 15 . 155 156 We next ranked protein phosphorylation sites according to the log 2 -fold decrease at 4 hours, 157 plotting the ratio between the change in phosphorylation site and the change in total protein 158 (Extended Data Table 5 ). To specifically identify dephosphorylation events, we only 159 considered proteins that increased in abundance by more than 0.5 in log 2 space while 160 phosphorylation levels that remained constant were excluded from the ranking. Consistent We performed Western blotting to confirm that ERK1/2 activity was indeed modulated by 168 suspension-induced terminal differentiation and by the candidate pro-commitment 169 phosphatases ( Fig. 3d, e ). As reported previously, the level of phosphorylated ERK1/2 170 diminished with time in suspension 19 (Fig. 3d ). Knockdown of the pro-commitment 171 phosphatases (Extended Data Fig. 3c ) resulted in higher levels of phosphorylated ERK1/2 172 relative to the scrambled control, both at 0h and at later time points ( Fig. 3d, e ). These effects Fig. 4a , b) did not increase ERK1/2 activity (Fig. 3g ). Although, 195 consistent with its known selectivity for p38 MAPK 23 , DUSP10 knockdown increased 196 phospho-p38 at 0h, there was no effect at later times in suspension (Extended Data Fig. 4c, d ). PTPN13 and increased expression of DUSP6 and PPTC7 relative to untreated cells; however 238 they differentially affected PP3CA and PTPN1 (Fig. 4b ).
239 240 We next used Boolean network analysis to test whether the inferred network switch 241 associated with commitment is mandatory (Fig. 4c ). We abstracted gene expression levels as 242 'on' or 'off' if their mean expression was respectively higher or lower than the average of all 243 genes. We defined a set of 3 experimental constraints, comprising suspension-induced 244 differentiation at different time points and PKCi and TSA treatment. We also included 245 possible interactions based on the effects of overexpressing DUSP6 and DUSP10 and by 246 examining phosphatase protein levels (Extended Data Fig. 5 ; Extended Data Table 9 ). 247 Starting from a meta-model, that is, a single network in which all phosphatases are allowed to 248 interact either positively or negatively, a single Boolean network was unable to recapitulate 249 the measured expression dynamics, and hence the network must change with time. 250 251 By extending the model to incorporate all possible phosphatase interactions at each time point 252 we were able to satisfy the model constraints ( Fig. 4d ; Extended Data Table 10 ). In the case 253 of PKCi and TSA treatment we could not transit through the networks and respect the 254 respective expression states, corroborating the experimental finding that terminal 255 differentiation is blocked. The PKCi phosphatase expression pattern at 12h was compatible 256 with the phosphatase interaction network derived at 0h, supporting the conclusion that PKCi 257 arrests cells in the stem cell compartment. In TSA treated cells the network must switch, 258 changing from the one derived at 0h to the one derived at 4h and then to the one derived at 8h, 259 or straight from 0h to 8h. Importantly, neither PKCi nor TSA treatment resulted in an 260 expression pattern compatible with the network derived at 12h for untreated cells, consistent 261 with the inhibition of differentiation. Using dynamical systems terminology, we can describe epidermal differentiation as two 264 saddle-node bifurcations ( Fig. 4e, f) . We start with a single minimum (µ stem ), then pass 265 through a first saddle-node bifurcation to have two minima (µ committed* ), then the global 266 minimum changes (µ commited** ) and finally a second saddle-node bifurcation leads again to a 267 single steady state (µ differentiated ) 26 . The stem cell state and the terminally differentiated state 268 emerge as stable states, while commitment is inherently unstable and serves as a biological 269 switch.
271
We next examined whether the epidermal phosphatase network we identified was also subject 272 to spatial regulation, since spatiotemporal coordination of stem cell behaviour contributes to 273 epidermal homeostasis 27 . By wholemount labelling the basal layer of sheets of human 274 epidermis 28 we found that DUSP6, PTPN1 and PPP3CA were most highly expressed in cells 275 with the highest levels of β1 integrins, which correspond to stem cell clusters 28 (Fig. 4g ). In 276 contrast, PPTC7 was enriched in the integrin-low regions, while PTPN13 and DUSP10 were 277 more uniformly expressed throughout the basal layer (Fig. 4g ). The inverse relationship 278 between the patterns of PPP3CA and PPTC7 expression is in good agreement with the 279 network analysis demonstrating negative regulation of PPP3CA by PPTC7 in undifferentiated 280 keratinocytes (0h; Fig. 4a ).
282
The patterned distribution of phosphatases could be recreated in vitro by culturing 283 keratinocytes on collagen-coated PDMS elastomer substrates that mimic the topographical 284 features of the human epidermal-dermal interface 29 . We observed clusters of cells with high 285 levels of DUPS6 on the tops of the features, where stem cells expressing high levels of β1 286 integrins accumulate 29 (Fig. 4h) . In contrast, DUSP10 was uniformly expressed regardless of 287 cell position (Fig. 4h) . These results indicate that the phosphatases are subject to spatial 288 regulation that is independent of signals from cells in the underlying dermis. For TiO 2 enrichment, HILIC fractions were resuspended in loading buffer (70% ACN + 0.3% 388 lactic acid + 3% TFA). 1.25 mg of TiO 2 (GL Sciences) was added to each fraction and 389 incubated for 10 min to bind phosphopeptides. Beads were washed with loading buffer, and 390 two wash buffers, composed of (1) 70% ACN + 3% TFA and (2) 20% ACN + 0.5% TFA. 391 Phosphopeptides were eluted in two steps, first with 4% of ammonium hydroxide solution 392 (28% w/w NH 3 ) in water for 1h and again with 2.6% of ammonium hydroxide solution in 393 50% ACN overnight. Elutions were collected, dried, resuspended in 5% FA and analysed by epidermal sheets were washed and stored in PBS containing 0.2% sodium azide at 4°C. 454 Sheets were stained with specific antibodies in a 24-well tissue culture plate. Image 455 acquisition was performed using a Nikon A1 confocal microscope. 3D maximal projection 456 (1,024 × 1,024 dpi), volume rendering and deconvolution on stacked images were generated 457 using NIS Elements version 4.00.04 (Nikon Instruments Inc.). 
